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ABSTRACT
The small hive beetle (Aethina tumida) is a parasite of honeybee hives (Apis
mellifera) and native to South Africa. Invasive in North America since 1996, the
species has spread to hives throughout the continent, including many in Rhode
Island and nearby states. To better understand migration patterns for this invasive
species, we haplotyped small hive beetles (SHB) based on mitochondrial
Cytochrome Oxidase Part 1 (COI) gene sequences. To analyze spatial and
temporal haplotype distribution, we mapped haplotype data along with previously
analyzed population numbers using ArcGIS. All identified beetles fell into one of
two previously described haplotypes, either NA1 or NA2. NA1 and NA2 haplotypes
showed similar frequencies based on total SHB numbers. However, NA2 was
overrepresented during early and middle time points of the summer while NA1
levels rose dramatically during late summer. Additionally, identified beetles were
predominantly from suburban hives, for which NA1 and NA2 frequencies were
similar. Continued monitoring of SHB genetic structure will help to elucidate smallscale patterns of migration.
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INTRODUCTION
Small Hive Beetle Morphology, Behavior and Life Stages
Aethina tumida, the small hive beetle (SHB) is a member of the Coleopteran
taxon Nitidulidae, which are colloquially known as sap beetles (Lundie 1940). As
parasites of Apis mellifera, the European honeybee, many of the beetles’
distinguishing morphological features allow SHBs to thrive in host hives
(Lounsberry et al. 2010). The beetles are black or brown in color and have three
or fewer abdominal segments visible past their unridged forewings. Second, SHBs
are protected by a hard, oval dome-shaped body which is impenetrable to bee
stings. Third, they possess antennal clubs with three segments. Other notable
morphology prevents removal from hives: Primarily, their flat, wide, grooved legs
tuck beneath their body. Moreover, their abdomen is covered with dense setae
which is thought to provide superior grip of the comb. (Lounsberry et al. 2010;
Atkinson 2011; Wright 2013).
All life stages of SHB occur in or around host hives. Adult beetles oviposit
eggs in the hive comb, particularly near pollen, where larvae have sufficient food
(Lundie 1940; Wright 2013). Larvae reside and eat in the hive, causing notable
damage. The beetles relocate to the surrounding substrate to undergo pupation,
eventually re-entering the hive as adults (Schafer et al. 2009; Cuthbertson et al.
2012; Wright 2013). Adult females can live for over a year and produce
approximately 2000 eggs each (Wright 2013). As a result, infestations can stem
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from the introduction of very few beetles (Lundie 1940). Five to six generations of
these beetles may occur each year in US hives, peaking during summer (Lundie
1940; Wright 2013). During colder seasons, SHB do not reproduce, and survive
low temperatures by overwintering in the bees’ thermoregulatory clusters (Lundie
1940; Atkinson 2011; Wright 2013).
All Nitidulids, including A. tumida, consume a variety of saps, fruits, and
beehive products as their preferred diets. However, these diets are rather flexible,
allowing SHB and their relatives to consume nearly whatever is accessible. As
opportunists, Nitidulids can thrive on alternative diets for quite some time if
necessary. For this reason, survival is not dependent upon host hives if SHBs are
able to find other food sources (Mutinelli et al. 2016).
SHB Distribution
SHBs are native to South Africa, but have recently spread far beyond their
native range (Lundie 1940). The species is invasive in North and South America,
Europe, and Australia; there, it is notably less controlled than in its native range
(Spiewok and Neumann 2006; Evans et al. 2008; Lounsberry et al. 2010; Atkinson
2011; Wright 2013). Based on data from North American and Australian honeybee
hives, bee colonies in Africa are better able to control SHB infestations. This is
attributed to several causes: First, African honeybees are more aggressive than
European honeybees (Wright 2013). Second, SHBs’ natural pathogens and
predators may be absent in North America. However, this suggestion, known as
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the enemy release hypothesis, remains largely unsupported; no African predators
or parasites of the species have been identified (Neumann and Elzen 2004).
Current literature is notably silent on native range predators of A. tumida, though
additional focus in the area may assist in control of the species’ spread. Third, the
honey content of a domestic or commercial hive in North America is generally
higher than that of domestic and commercial hives in Africa, and additional honey
may serve as an attractant to SHBs (Evans et al. 2000). Regardless of the reason
for its success, this beetle has had a devastating impact in the United States and
elsewhere. The SHB’s success outside its native range has contributed to the
destruction of strong and weak honeybee hives alike.
The SHB is of broad-reaching concern in the United States. Beetles were
identified in Charleston, South Carolina in 1996, the earliest known US introduction
(Evans et al. 2003; Lounsberry et al. 2010; Wright 2013). The species quickly
spread to neighboring states, including Florida, Georgia, and North Carolina, and
by 1999, was observed in at least 9 states (Lounsberry et al. 2010; Wright 2013).
By 2002, the species spread to 25 US states, and in 2008, they were reported in
31, including Massachusetts (Evans et al. 2003; Wright 2013). The quick onset of
this invasion in the United States has left beekeepers and entomologists seeking
effective ways to stop or slow the progression of the SHB.
Current research looks to identify the underlying causes of the SHB’s rapid
spread. Migratory beekeeping and package bee industries are thought to be partly
responsible for the species’ spread. These industries rely on the shipping and
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transport of worker bees and queens, creating a global diaspora of A. tumida
(Lounsberry et al. 2010; Wright 2013). As opportunists, SHBs are capable of
spreading over long ranges, even when hives are sparsely distributed. If the
nearest hives are beyond the beetles’ flight range, SHBs are able to survive on
fruit and other diets. This means that infection of a single hive (perhaps by a
contaminated package of bees) may result in a regional infestation (Mutinelli et al.
2016).
Aiding migration and creating additional environmental concerns, SHBs are
capable of host-switching to other native bees, including but not limited to Bombus
impatiens (Hoffmann et al. 2008). If reliable control is not established, the beetle
may overtake regions where A. mellifera is not the predominant pollinator,
jeopardizing ecosystems across the globe. (Atkinson 2011; Mutinelli et al. 2016; Al
Toufailia et al. 2017). As A. mellifera and B. impatiens are two highly important
global pollinators, the spread of the SHB must be monitored. It is critical both to
halt the beetle’s spread in infected regions and deter invasion where A. tumida is
absent (Cepero et al. 2014).
SHB as a Parasite of Beehives
SHB infestations are incredibly dangerous for honeybees, as the species
often acts as a vector of disease and other organisms. SHBs can carry a number
of viruses harmful to bees, including Deformed Wing Virus. Beetles can be infected
by contact with or consumption of contaminated hive products or bees, and may
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pass the virus to other bees or colonies (Eyer et al. 2009). A. tumida beetles,
particularly larvae, carry yeast which can be introduced into hives. One such yeast
species, Kodamaea ohmeri, generates volatiles which emulate the alarm
pheromones of a distressed colony. These volatiles attract additional A. tumida
beetles to the hive (Torto et al. 2007; Schafer et al. 2009; Lounsberry et al. 2010;
Atkinson 2011; Wright 2013). Additionally, the yeast forms a slime as products of
the hive ferment. The slime and yeast are associated with the presence of larvae
and the attraction of adults, suggesting the yeast perpetuates invasions as
fermentation continues (Schafer et al. 2009; Hayes et al. 2015). Invasions can
spiral as other ailments compound the hive; in this way, spread of the SHB bears
as a consequence the danger of anything for which it is a vector. Ultimately, A.
tumida infestations are often enough to disable entire hives or apiaries in short
spans of time (Mustafa et al. 2013).
As parasites, SHBs also directly harm honeybees and their hives. The
beetles lay eggs in the hive’s comb and consume hive products as well as bee
larvae; depending on the availability of other diets, SHBs occasionally consume
adult honeybee cadavers (Lounsberry et al. 2010; Wright 2013). Adult beetles are
chased and guarded against by adult bees, but due to their size may take shelter
in small gaps within the hive (Lundie 1940; Atkinson 2011). While patrolled by the
bees, many make use of behavioral mimicry of trophallaxis, tricking the bees into
feeding them (Atkinson 2011). Additionally, honeybees are less hostile toward the
beetles during winter. This may contribute to the parasite’s striking success in
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temperate climates (Atkinson 2011; Wright 2013). Problems posed by A. tumida
are becoming a growing concern both in the United States and globally, as the
species continues to cause extensive damage to beehives.
SHB Control
Presently, few means of SHB control and prevention are commonly used in
domestic beehives. Perhaps the most standard are physical traps, such as the
Freeman trap. Freeman traps are trays of mineral oil covered by a screen, which
are installed in the bottom of Langstroth-style beehives. Adult beetles and similar
parasites, such as varroa mites, fall through the screen’s mesh and asphyxiate in
the mineral oil below. Meanwhile, honeybees do not fall through the mesh, due to
their notably larger body size; as such, this method is particularly effective for
controlling a variety of parasites in A. mellifera hives (Jacques 2016).
Other measures focus on chemical control of SHBs. These measures
typically take advantage of the vulnerable pupal stage. Mature larvae move to
pupate in the substrate surrounding the hive, which does not impact the host bees
as strongly as the beetles. There, larvae remain buried to prevent lethal exposure
to direct sunlight. As such, adjustments of substrate composition can increase
larval mortality, limiting hive re-entry as adults (Lundie 1940; Meikle and Diaz
2012). Pesticides also notably reduce infestation levels, but are not favored due to
harmful effects on honeybee health (Kanga and Somorin 2011).
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Additionally, the use of other organisms has been reported as an effective
control measure. Nematodes in particular kill off SHB larvae before they can fully
mature, reducing survivorship and reproduction (Cuthbertson et al. 2012;
Cuthbertson et al. 2013). Release of sterile adult beetles treated with radiation has
also proven effective in reducing the size of A. tumida invasions where little
immigration occurs (Downey et al. 2015).
Nevertheless, the spread of A. tumida has become so rapid and farreaching that employment of control measures in a portion of hives may not be
enough to stave off the parasite. Means of controlling SHBs must be applied
uniformly and more quickly upon discovery; preventative measures should be
incorporated before local beetle invasions become apparent. By taking steps to
understand how the beetles are spreading, a more focused effort can be put into
action to reduce their continued success.
Haplotype Analysis and the MtDNA Cytochrome Oxidase I Gene
Prior studies of the SHB’s diaspora have utilized mitochondrial haplotype to
assess diversity and distribution among A. tumida (Evans et al. 2000; Evans et al.
2003; Evans et al. 2008; Lounsberry et al. 2010; Wright 2013). In haplotype
analysis, a gene of interest is sequenced and individuals are categorized using
sequence data at known polymorphic loci. Typically, multiple nucleotides across
several loci are used to identify a haplotype. Haplotype analysis is not to be
confused with genotype analysis, in which an allele is analyzed from both parental
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contributions. However, the process of sequencing the genes in either analysis
remains somewhat similar (Futuyama et al. 2009). Haplotype analysis, particularly
at the population level, is a critically important tool for assessing the distribution
and movement of a species. Studying mitochondrial haplotype, which gives only
the maternal lineage, reduces the impact of recombination on findings. This allows
for more precise understanding of a species’ population dynamics (Kolbe et al.
2004; Futuyama et al. 2009; Arteaga et al. 2012).
While different genes are used across a variety of taxa, one of the most
commonly studied mitochondrial genes for use in haplotyping research is the gene
encoding Cytochrome Oxidase Part 1 (COI). The COI gene codes for a protein
involved in electron transfer for energy metabolism, one of three subunits in the
third protein pump (UniProt Consortium 2017). While highly conserved, the COI
gene sequence is variable enough within species and has therefore been used to
determine genetic structure in a wide array of insects, including A. tumida (Evans
et al. 2000; Coates et al. 2004; Abdallah et al. 2013; Martins et al. 2014).
Haplotyping COI in SHBs
Mitochondrial COI haplotyping analysis was used for multiple prior studies
in A. tumida with great success; US beetles fell into either of two haplotypes, NA1
and NA2 (Evans et al. 2000; Evans et al. 2003; Evans et al. 2008; Lounsberry et
al. 2010). The sequences are approximately 1080 base pairs in size, with six
polymorphisms between them (Evans et al. 2000; Evans et al. 2003; Evans et al.
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2008; Lounsberry et al. 2010; Wright 2013). The presence of NA1 and NA2 in the
US suggests multiple SHB introductions, contrary to the initial idea of a single SHB
introduction in South Carolina (Evans et al. 2000; Evans et al. 2003; Evans et al.
2008; Lounsberry et al. 2010). The COI sequences for NA1 and NA2 are just as
divergent from one another as from African populations, indicating that they are
indeed two distinct haplotypes. NA1 shares all but one nucleotide of its sequence
with the Grahamstown, South Africa haplotype. Meanwhile, NA2 differs only by
two nucleotides from the Headlands, Zimbabwe haplotype (Evans et al. 2003).
This variation is below the level of divergence which serves to distinguish
populations. Thus, it is suggested that separate introductions of NA1 and NA2
occurred in the US, coming from South Africa and Zimbabwe, respectively.
Genetic analysis of these haplotypes can serve to improve understanding
of the migration of the SHB and to aid in preparing a response to the threat it poses.
NA1 and NA2 are generally found, at least in more established US populations, to
be present together in varying frequencies; this suggests that neither type faces a
selective disadvantage. This is consistent with the known identical nature of the
proteins for which the two genes code (NCBI 2017). As such, similar haplotype
frequencies are observed in most older US SHB populations; this recovery of
haplotype diversity in US populations is often attributed to migration (Evans et al.
2000; Evans et al. 2003; Evans et al. 2008; Lounsberry et al. 2010).
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SHB Distribution in Rhode Island Honeybee Hives
Recent research has analyzed the spread of SHBs into the state of Rhode
Island. A study performed in May through August of 2015 monitoring 35 volunteer
Rhode Island A. mellifera hives assessed levels of SHB infestations throughout
the state by capture and quantification of beetles in each hive. The study revealed
significantly higher numbers of SHBs in urban honeybee hives than in rural ones.
Lower distances between hives and the possibility of beekeepers having less
experience in urban areas were suggested to contribute to this result (Jacques
2016). The study confirmed the growing problem presented by SHBs for Rhode
Island A. mellifera hives and their beekeepers.
This Study
Recently, much research is focused on obtaining a better understanding of
A. tumida’s mating habits and migration throughout North America as a way to
understand their impact on honeybee hives in the US. However, while studies were
performed analyzing spatial haplotype variation on the global or national scale and
temporal haplotype variation from year to year, none attempted to test such
variation on smaller scales. Such analysis of hive-to-hive introduction patterns over
the course of individual seasons may reveal detail not available through broader
studies.
This study aims to analyze haplotype distribution of A. tumida within Rhode
Island A. mellifera hives, focusing on three objectives: First, we seek to determine
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frequency of NA1 and NA2 haplotypes within the state, and by extension, whether
additional haplotypes are present. Second, we seek to determine any significant
spatial haplotype distribution patterns with regard to beetle location. Third, we seek
to determine any significant temporal haplotype distribution patterns with regard to
visit number. Data is presented in conjunction with ArcGIS plots and chi-squared
tests relevant to these objectives.
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METHODS
Collection of Samples
During a ten-week field study which took place from June 15 through August
19 of 2015, Varroa destructor mites and Aethina tumida SHBs were collected from
thirty-five Rhode Island Apis mellifera hives (Jacques 2016). For each hive, SHBs
were collected every two weeks in Freeman traps, were positively identified based
on morphology, catalogued, and stored at -20°C until further analysis (Jacques
2016).
DNA Extraction
For a total of 395 samples, DNA extraction was performed using methods
described previously (Evans et al. 2000; Evans et al. 2003; Lounsberry et al. 2010).
Briefly, samples were each homogenized on ice in Eppendorf tubes using plastic
grinding pestles in 200 µL lysis buffer, consisting of 0.8M Tris-HCl pH 9, 0.5M
EDTA, 1.0M NaCl, 1.0M Sucrose, and 10% SDS in diH2O.
Proteinase K (1 mg/mL) was added and samples were vortexed and
incubated at 55°C in a heating block overnight. Samples were then centrifuged at
13000 RCF at room temperature for 5 minutes and the supernatant was
transferred to a fresh Eppendorf tube. To the supernatant, 2 volumes of 100%
ethanol and 0.2 volumes of 3M NaOAC (pH 5.2) were added; samples were
precipitated overnight. To isolate DNA, samples were removed to room
temperature and centrifuged at 13000 RCF for 10 minutes, followed by two 70%
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ethanol washes to remove salts. Samples were dried, resuspended in 15 µL diH2O,
and stored at -20°C.
MtDNA Amplification
To amplify the A. tumida mitochondrial COI gene, PCR was performed
using OneTaq (NEB, #M0482L) and recommended cycling parameters. Primers
specific for the gene were described previously and included forward primer
AT1904S (5’-GGTGGATCTTCAGTTGATTTAGC-3’) and reverse primer AT2953A
(5’-TCAGCTGGGGGATAAAATTG-3’) (Integrated DNA Technologies) (Evans et
al. 2003). PCR amplification was performed twice. Cycling parameters were an
initial 94°C denaturing step for 1 minute, followed by 40 cycles of 94°C for 30
seconds, 52° for 1 minute, and 68°C for 1 minute and 30 seconds. Cycling was
followed by a final elongation step at 68°C for 5 minutes, and then held at 4°C or 20°C until products were analyzed.
Gel Electrophoresis
Several agarose gels were prepared with 1% agarose and 1.6% EtBr,
dissolved in either 0.5X TBE or 1X TAE buffer. Gels were poured and set in a gel
bed for 20+ minutes before combs were removed and gels were submerged into
a bath of the same buffer. Gels were loaded in-bath with both samples and ladders
for standardization. Ladders were composed each of 1 µL 2-Log DNA Ladder 0.110.0 kb (New England BioLabs), 1.3 µL 6X loading dye, and 6.7 µL PCR water,
mixed by vortexing. Samples were prepared with 10 µL doubly-amplified PCR
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product with 1 µL 6X loading dye, mixed by pipetting. Loaded gels were run for
15+ minutes at 105 V and imaged under UV light for visualization. Samples
displaying a band at approximately 1 kb were selected to continue downstream to
purification and sequencing.
Purification of PCR Product
The remainder of PCR product for selected samples was purified using a
GeneJET PCR purification kit (Thermo Fisher Scientific) according to
manufacturer’s protocol. Samples containing purified PCR product were
transferred to clean Eppendorf tubes.
Product Sequencing and Analysis
Nucleic acid concentrations were quantified using a NanoDrop 2000c and
sequenced at the Rhode Island Genomics and Sequencing Center. Sequencing
primers were AT1904S or AT2953A as described above. Sequence pairs for each
sample (forward and reverse) were aligned and compared with existing A. tumida
reference sequences in GenBank (accession numbers AF227645.1 and
AF227646.1 for NA1 and NA2 respectively) (Evans et al. 2003). Analysis was
performed using MEGA7 software (Kumar et al. 2016). Samples were assigned to
either NA1 or NA2 based on unambiguous sequencing peaks for each of the 6
polymorphic loci.
To determine spatial and temporal haplotype distribution patterns with
regard to beetle distribution, we spatially plotted haplotype data for all beetles
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identified by hive and visit using ArcGIS; we then analyzed the data using chisquared statistical tests. The new data was plotted in layers using five Excel
spreadsheets based off of existing data sheets from Jacques 2016; the data was
uploaded as individual layers, one layer per haplotype per visit (10 in total). The
layers were placed over a map of human population density created by Esri on
ArcGIS from 2010 US Census data; and hives were categorized as either rural,
suburban or urban. Rural hives were located in block groups of less than 1000
people/mi2, while suburban hives were in block groups containing a density of
between 1000 and 4000 people/mi2, and urban hives were those located in block
groups of density between 4000 and 22000 people/mi2. Human population density
was used as a proxy for beehive density, as in previous studies (Jacques 2016).
Chi-squared statistical tests were used to determine NA1 and NA2 haplotype
frequencies, as well as significant patterns of spatial and temporal haplotype
distribution.
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RESULTS
To determine haplotype identities and frequencies within collected SHBs,
the COI gene from partially purified mitochondrial DNA was amplified and
sequenced. Of 395 beetles available for DNA isolation and amplification, 76
yielded a band approximately 1080 base pairs in size. A sample gel is shown in
Figure 1. The 76 samples were selected for purification and sequencing. Of these
76, 39 samples (9.87%) were associated with a hive and were able to be
haplotyped. All 39 successfully haplotyped and identified A. tumida beetles fell into
either NA1 or NA2, the preexisting haplotypes determined by prior studies of US
SHB invasions (Table 1). 19 were haplotyped as NA1, while 20 were haplotyped
as NA2. Chi-squared tests performed to test for a significant difference between
the number of NA1 and NA2 beetles for the sum of all visits revealed that no
significant difference was present between the total number of NA1 and NA2
specimens (P>0.05).
To determine spatial haplotype distribution patterns with regard to beehive
distribution, we spatially plotted data using ArcGIS. Beehives with haplotyped
beetles were grouped into three categories using human population density as a
proxy for beehive density. Beetles were successfully identified within six hives
(Table 2). Of these hives, two were located in rural areas, two in suburban areas,
and two in urban areas. In total, 6 beetles were urban (all NA2), 25 were suburban
(12 NA1, 13 NA2) and 8 were rural (7 NA1, 1 NA2) (Figures 2-4). A breakdown of
haplotype by hive and visit number is presented, as is a compilation of collection
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data for haplotyped beetles as described by six known polymorphic loci (Tables 2,
3). Beetles of both haplotypes were found in suburban hives, while only NA1 was
found in one rural hive, and only NA2 was found in the remaining rural hive and
both urban hives (Table 2).
To determine significance of any spatial haplotype distribution patterns, chisquared analyses were carried out across all three human population density
groups as well as pairwise between the three groups. Chi-squared analyses for
correlations between human population density and haplotype frequency revealed
no significant difference in NA1 frequency across population densities (urban,
suburban or rural) for the summer in total (P>0.05). However, a significant
difference was found for NA2 across population densities for the summer in total
(P<0.01). Pairwise chi-squared analyses revealed that significantly more NA1 than
NA2 were present in rural hives during the summer (P<0.05). More NA2 than NA1
were present in urban hives (P<0.05) as no NA1 beetles were identified from urban
hives for the summer. However, no significant difference was found between NA1
and NA2 frequencies for suburban hives during the summer (P>0.05). Significantly
more NA1 were present in rural hives than NA2, and significantly more NA2 were
present in urban hives than NA1, (both P<0.05); relatedly, significantly more NA2
were present in urban than rural hives (P<0.05). More NA1 were found in suburban
and rural hives than urban hives, and more NA2 were found in suburban than rural
hives (both P<0.01). Moreover, no significant difference was found between urban
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and suburban NA2 frequencies, or between suburban and rural NA1 frequencies
(P>0.05).
To determine any significant temporal haplotype distribution patterns,
haplotyped beetles were divided into the five two-week collection cycles in which
they were obtained (Jacques 2016). A breakdown of beetles identified by visit is
seen in Table 2, and ArcGIS plots for each visit are found in Figures 5-9. No
significant difference in number of NA1 and NA2 specimens was found for hive
Visits 1, 2, 3, or 4 (P>0.05). However, significantly more NA1 specimens than NA2
were found during hive visit 5 (P<0.05). Relatedly, significantly more NA2
specimens were identified for Visits 1-4 combined than NA1 specimens (P<0.05).
No significant difference was found for NA1 frequency across population densities
(urban, suburban or rural) for any of the visits (P>0.05). Likewise, no significant
difference in NA2 frequencies across population densities was found for Visits 1,
2 or 4 (P>0.05); however, a significant difference was found for NA2 across
population densities during Visit 3 (P<0.05), and for during Visit 5 (P<0.01).
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DISCUSSION
This study sought to fulfill three main objectives with the goal of analyzing
the distribution patterns of A. tumida haplotypes in Rhode Island. First we sought
to test the frequencies of A. tumida COI gene haplotypes present. Subsequently,
we sought to determine any significant differences in spatial and temporal
haplotype distribution patterns.
Analysis of haplotype frequency using chi-squared distributions revealed
roughly equal frequencies within the state (P>0.05), supporting the idea that
neither haplotype is selected against due to the identical nature of the proteins the
genes sequence (Evans et al. 2000; NCBI 2017). As migration relies on the rather
limited flight range of the beetles, these data suggest multiple introductions to
Rhode Island whether from well-established populations in neighboring states or
from bee packets contaminated with SHBs. The species’ spread throughout the
US, including Massachusetts, is quite consistent with the likelihood of an older
introduction to Rhode Island (Evans et al. 2003; Wright 2013). It is also consistent
with current understanding of the effect of migration on state and country level
haplotype frequencies over time (Evans et al. 2000; Evans et al. 2003; Evans et
al. 2008; Lounsberry et al. 2010).
Spatial analysis of SHB haplotypes revealed unequal distribution: NA1
predominated in rural populations, while NA2 predominated in urban populations
(both P<0.05). Although statistically significant, the number of urban and rural
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beetles sampled was low and sampling error may have produced this result. It is
formally possible that other biological reasons explain this result: First, that urban
and rural populations of A. tumida in the state were introduced with severe founder
effects reducing haplotype diversity, which have not yet been balanced by
migration. Alternatively, low gene flow (through migration) may be responsible:
Jacques 2016 hypothesized that low gene flow might occur in urban hives due to
the absence of wild pollinator populations, which serve as vectors for A. tumida,
as well as lower demand for crop pollinators in urban areas relative to rural areas
(Jacques 2016). Conversely, the lower rural hive density suggested by the study
could result in low gene flow for rural populations of SHBs (Jacques 2016).
Interestingly, similar NA1 and NA2 haplotype frequencies were observed in the
two suburban hives in which SHBs were successfully haplotyped, possibly due to
larger numbers of beetles. However, hive density is likely greater in suburban
population centers, which could facilitate migration. Additional monitoring and
haplotyping efforts will determine if similar unequal distributions exist in successive
years.
Chi-squared analyses of temporal haplotype distribution revealed that while
neither haplotype was significantly predominant in Visits 1-4 (P>0.05), significantly
more NA1 beetles were identified for Visit 5 than NA2 (P<0.05). The former
analyses are consistent with understanding of haplotype frequencies in wellestablished populations, as discussed on the state level previously. The latter
result, however, is less typical of a well-established population. The change in
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haplotype frequency during Visit 5 may have resulted from an increase in beetles
in rural hives due to migration occurring during an earlier visit. Indeed, most of the
beetles from rural hives, as previously mentioned, were identified as NA1; in fact,
all samples identified from rural hives in Visit 5 were NA1 beetles from Hive 29.
Given the nature both of SHB flight and of mitochondrial DNA, it is reasonable to
hypothesize that one adult female beetle migrated to Hive 29, resulting in
subsequent infestation of the hive by offspring of exclusively NA1 haplotype. This
leads us to believe that the infestation in this hive was due to one or few NA1
individuals, resulting in the dramatic success of NA1 as their offspring reached
maturity during the height of the summer. This is consistent with earlier
identification of one NA1 beetle from Visit 3 in the same hive, as well as with
records of an overall increase in the average number of beetles observed over the
course of the summer (Jacques 2016).
Analyses of temporal distribution across population density and visit
revealed patterns which support common explanations of national-scale trends in
haplotype frequency. Chi-squared analyses of temporal haplotype distribution of
NA2 revealed no significant difference in NA2 distribution across population
densities for Visits 1, 2 or 4 (P>0.05), but a significant difference in Visits 3 and 5
(P<0.05 and P<0.01, respectively). These indicate that significantly more NA2
beetles were identified in suburban hives than in either rural or urban for Visits 3
and 5, as all NA2 beetles during these visits were suburban. Additionally, no
significant difference was present in NA1 distribution among the three population
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density categories for any of the five hive visits (P>0.05). This indicates that the
distribution of NA1 remained stable throughout the summer with regard to hive
density. More critically, it reveals a trend in which NA1 is rather absent throughout
the first four visit cycles, only to increase strongly in the last cycle alongside NA2.
Our data present specific examples of the small-scale interactions which
result in the genetic drift and species spread commonly observed on national and
global scales (Evans et al. 2000; Evans et al. 2003; Lounsberry et al. 2010).
Recalling that no significant difference in haplotype frequency was found for any
of the 5 visit cycles individually (as discussed previously), it may be worth noting
that only 4 beetles were identified as NA1 during the first four visits, while 14 were
identified as NA2. As such, the frequency of NA2 was significantly higher than that
of NA1 for the sum of Visits 1-4 (P<0.05). This in conjunction with the above data
for NA1 distribution by visit suggests that disproportionate rural NA1 success
during the final visit may balance out the earlier predominance of NA2. The
eventual recovery of haplotype diversity is consistent with existing explanations of
migration’s impact in SHB populations. We therefore hypothesize that similar NA1
and NA2 haplotype frequencies for the summer are largely the result of midseason migration and the success of hive 29’s rural NA1 population; further, we
propose that this is exemplary of the impact of migration on North American SHB
population haplotype frequencies.
In seeking to obtain a better understanding of COI haplotype distribution in
Rhode Island A. tumida populations, we found that annual and regional analysis
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reflected the equalized haplotype frequencies typical of stable populations.
However, strong patterns of migration during the course of sample collection were
revealed by early NA2 predominance and later balance of haplotype diversity by
NA1 success in Hive 29. These findings suggest that more focused and detailed
sampling can improve understanding of the spread of A. tumida by illustrating the
underlying patterns of migration. Additionally, the data suggest that small sample
sizes (such as those in the urban density group) are not alone sufficient to track
migration, while the sample sizes of rural Hive 29 and the suburban hives are more
appropriate for analysis of small-scale migration patterns responsible for largescale observations of haplotype frequency. Together, these findings contribute to
an ongoing national and global conversation on the diaspora of the SHB, and aid
in understanding its impact on honeybee hives in North America.
Future directions for A. tumida research in Rhode Island may include
collection and analysis of beetles from subsequent years in order to determine
whether the patterns explained here occur annually or only in newer populations.
Due to the combined impact of infected package bees and the flight range of the
SHB, new introductions will likely continue to occur each year. As such, continued
analysis and monitoring of haplotype distribution within Rhode Island hives will
further elucidate the species’ local level migration and spread. This will allow an
improved understanding of the SHB’s impact on A. mellifera hives in North
America. Shorter collection cycles and alternative collection methods should be
considered, to improve sample quality and the efficiency of these analyses. Future
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collections and haplotyping efforts will also assess whether similar dynamics are
seen in successive years, with regard to both population number and haplotype
frequencies.
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APPENDICES

Figure 1. A sample of gel electrophoresis results following PCR amplification of the
Aethina tumida COI gene. 1% agarose gels were run in TAE or TBE buffer for 15+
minutes at 105 V and imaged under UV light. Samples showing a band at
approximately 1080 base pairs, such as those visible in lanes 8, 11, 13, 14, 16,
and 19, indicate successful amplification of the COI gene. Such samples were
selected for downstream purification and sequencing. The band was identified
using a 2-Log 0.1 kb-10.0 kb ladder.
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Table 1. Haplotypes in Aethina tumida were determined by six polymorphic bases
within the COI gene using existing sequence data.
Haplotype
NA1
NA2

228
G
A

Polymorphic Loci (bp)
276
597
606
684
A
T
T
C
T
C
C
T

768
G
A
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Table 2. Breakdown of beetles haplotyped by hive, visit number, and human
population density. Totals are given horizontally for each population density by
hive, as well as vertically by haplotype and visit.
Visit 1

Visit 2

Visit 3

Visit 4

Visit 5

N
A
1

N
A
2

N
A
1

N
A
2

N
A
1

N
A
2

N
A
1

N
A
2

N
A
1

N
A
2

N
A
1

1
3
Subtotal

0
0
0

1
3
4

0
0
0

0
1
1

0
0
0

0
0
0

0
0
0

0
1
1

0
0
0

0
0
0

0
0
0

31
32
Subtotal

1
0
1

0
0
0

0
0
0

0
0
0

1
0
1

5
0
5

1
0
1

2
0
2

4
5
9

3
3
6

7
5
12

10
3
13

17
8
25

25
29
Subtotal

0
0
0

0
0
0

0
0
0

1
0
1

0
1
1

0
0
0

0
0
0

0
0
0

0
6
6

0
0
0

0
7
7

1
0
1

1
7
8

1

4

0

2

2

5

1

3

15

6

19

20

39

Human
Hive
Population
Number
Density
Urban

Suburban

Rural

TOTALS

TOTALS
Both
N
NA1
A
and
2
NA2
1
1
5
5
6
6

Haplotyping small hive beetle 38

Table 3. Compilation of all successfully haplotyped Aethina tumida beetles as
assessed at six informative polymorphic sites. Numeric column headers
represent base pair numbers of the six loci on the NA1 and NA2 haplotypes.
Haplotypes are assigned only to beetles for which clean sequence data was
acquired across all six loci. Beetle identifiers are provided as hive-visit-individual
and presented by hive number within each visit.
Beetle ID
1-1-1
3-1-1
3-1-2
3-1-4
31-1-2
3-2-5
25-2-2
29-3-1
31-3-11
31-3-13
31-3-14
31-3-16
31-3-18
31-3-19
3-4-3
31-4-1
31-4-7
31-4-40
29-5-20
29-5-21
29-5-34
29-5-35
29-5-36
29-5-40
31-5-4
31-5-5
31-5-8
31-5-10
31-5-11
31-5-13
31-5-16
32-5-12
32-5-14
32-5-18
32-5-27
32-5-29
32-5-33
32-5-34
32-5-35

228
A
A
A
A
G
A
A
G
A
A
G
A
A
A
A
G
A
A
G
G
G
G
G
G
G
A
A
G
G
A
G
A
A
G
A
G
G
G
G

276
T
T
T
T
A
T
T
A
T
T
A
T
T
T
T
A
T
T
A
A
A
A
A
A
A
T
T
A
A
T
A
T
T
A
T
A
A
A
A

597
C
C
C
C
T
C
C
T
C
C
T
C
C
C
C
T
C
C
T
T
T
T
T
T
T
C
C
T
T
C
T
C
C
T
C
T
T
T
T

606
C
C
C
C
T
C
C
T
C
C
T
C
C
C
C
T
C
C
T
T
T
T
T
T
T
C
C
T
T
C
T
C
C
T
C
T
T
T
T

684
T
T
T
T
C
T
T
C
T
T
C
T
T
T
T
C
T
T
C
C
C
C
C
C
C
T
T
C
C
T
C
T
T
C
T
C
C
C
C

768
A
A
A
A
G
A
A
G
A
A
G
A
A
A
A
G
A
A
G
G
G
G
G
G
G
A
A
G
G
A
G
A
A
G
A
G
G
G
G

Haplotype
NA2
NA2
NA2
NA2
NA1
NA2
NA2
NA1
NA2
NA2
NA1
NA2
NA2
NA2
NA2
NA1
NA2
NA2
NA1
NA1
NA1
NA1
NA1
NA1
NA1
NA2
NA2
NA1
NA1
NA2
NA1
NA2
NA2
NA1
NA2
NA1
NA1
NA1
NA1
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Figure 2. Spatial distribution of haplotyped NA1 beetles from Visits 1-5. NA1
beetles are represented in orange. NA1 beetles were identified at Hives 29, 31 and
32.
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Figure 3. Spatial distribution of haplotyped NA2 beetles from Visits 1-5. NA2
beetles are represented in blue. NA2 beetles were identified at Hives 1, 3, 25, 31,
and 32.
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Figure 4. Spatial distributions of haplotyped NA1 and NA2 beetles from Visits 1-5.
NA1 beetles are represented in orange; NA2 beetles are represented in blue. (A)
Spatial distribution of beetles from all hives. (B) Spatial distribution of beetles from
Hives 1, 3, 25, 31 and 32. Not to scale with A. (C) Spatial distribution of beetles
from Hive 29. Not to scale with A or B.
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Figure 5. Spatial distribution of haplotyped NA1 and NA2 beetles from Visit 1. NA1
beetles are represented in orange; NA2 beetles are represented in blue. One NA1
beetle was identified at Hive 31. One NA2 beetle was identified at Hive 1, and three
at Hive 3. Visit 1 was carried out from June 15- June 24.
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Figure 6. Spatial distribution of haplotyped NA1 and NA2 beetles from Visit 2. No
NA1 beetles were identified; NA2 beetles are represented in blue. One NA2
beetle was identified each at Hive 3 and Hive 25. Visit 2 was carried out from
June 29- July 8.
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Figure 7. Spatial distribution of haplotyped NA1 and NA2 beetles from Visit 3. NA1
beetles are represented in orange; NA2 beetles are represented in blue. One NA1
beetle was identified each at Hive 29 and Hive 31. Five NA2 beetles were identified
at Hive 31. Visit 3 was carried out from July 13- July 22.
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Figure 8. Spatial distribution of haplotyped NA1 and NA2 beetles from Visit 4. NA1
beetles are represented in orange; NA2 beetles are represented in blue. One NA1
beetle was identified at Hive 31. One NA2 beetle was identified at Hive 3, and two
at Hive 31. Visit 4 was carried out from July 27- August 5.
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Figure 9. Spatial distribution of haplotyped NA1 and NA2 beetles from Visit 5. NA1
beetles are represented in orange; NA2 beetles are represented in blue. Six NA1
beetles were identified at Hive 29, four at Hive 31, and five at Hive 32. Three NA2
beetles were identified each at Hive 31 and Hive 32. Visit 5 was carried out from
August 10- August 19.

